The pineal body is a small endocrine gland in the midline of the brain that secretes melatonin to modulate circadian rhythms. A group of primary tumors which arise from the pineal gland termed pineal parenchymal tumors are classified as pineocytoma (grade I), pineal parenchymal tumor of intermediate differentiation (PPTID; grade II or III), or pineoblastoma (grade IV). Most pineoblastomas arise in children, whereas pineocytomas and PPTIDs typically occur later in life. Pineocytomas are associated with favorable prognosis, with 5-year survival exceeding 90% following gross total resection. In contrast, pineoblastomas are embryonal tumors with a propensity for cerebrospinal dissemination and poor outcome despite resection, craniospinal radiation, and systemic chemotherapy [3] . PPTIDs are morphologically heterogeneous with intermediate histologic features and variable clinical outcomes [3, 5] . Recently, pineoblastomas were identified to harbor frequent mutations of the DICER1 gene or homozygous deletion of the DROSHA gene that both encode microRNA-processing enzymes [2, 6, 7] . However, the genetic alterations responsible for driving PPTID and pineocytoma are unknown.
To investigate the molecular pathogenesis of pineal parenchymal tumors, we performed whole-exome sequencing on genomic DNA extracted from tumor and matched normal tissue from eight patients (Fig. 1a) In contrast, none of the three PPTID harbored DICER1 mutation or DROHSA deletion. Instead, the three PPTID were all found to harbor the identical somatic small in-frame insertion (p.R313delinsPRR) in the KBTBD4 gene [Fig. 1b , e, and Supplementary Fig. 8 (Online Resource 1) ], which encodes Kelch repeat-and BTB domain-containing protein 4 that is reported to regulate the Cullin3-based E3 ubiquitin ligase complex [1] . Similar small in-frame insertions in KBTBD4 at codons 308-313 within a Kelch repeat domain were recently identified in a subset of Group 3 and Group 4 medulloblastomas that lacked other known genetic drivers such as MYC or MYCN amplification, GFI1B rearrangement, or SNCAIP duplication/PRDM6 rearrangement [4] . Other than medulloblastoma, no other human tumor types have been identified to harbor recurrent KBTBD4 mutations, and the functional mechanism by which these KBTBD4 mutations drive tumorigenesis in PPTID and medulloblastomas is uncertain at present. Other than KBTBD4, no other genes harbored recurrent somatic nonsynonymous mutations among the three PPTID [Supplementary Tables 2 and 3 (Online Resource 2)].
The single case of pineocytoma lacked deletion of DROSHA and mutation of DICER1 and KBTBD4. A small number of somatic nonsynonymous mutations were identified of uncertain significance [Supplementary Tables 2  and 3 (Online Resource 2) ], but identification of a recurrent genetic driver in pineocytoma awaits assessment of additional tumor samples.
In summary, we have identified that pineoblastoma is characterized by mutually exclusive DICER1 mutation or DROSHA homozygous deletion and absence of KBTBD4 mutations. In contrast, PPTID is characterized by recurrent KBTBD4 small in-frame insertions and absence of DICER1 mutation or DROSHA homozygous deletion. Further studies are warranted to confirm these findings in a larger cohort of pineal parenchymal tumors. Nonetheless, these findings indicate a fundamental role for deregulation of microRNA processing in the pathogenesis of pineoblastoma, whereas PPTID appear to arise independently of disruption of microRNA-processing genes. The recurrent KBTBD4 mutation in PPTID identified here will likely be useful in helping to diagnostically distinguish this tumor entity from pineoblastoma. Future studies will determine the potential prognostic significance of DICER1 mutation versus DROSHA homozygous deletion in pineoblastoma, and also the oncogenic mechanism by which KBTBD4 mutation promotes tumorigenesis of the pineal gland. The KBTBD4 mutations identified in PPTID in this study, as well as those found in medulloblastomas [4] , are all heterozygous mutations that cluster at a hotspot within one of the Kelch repeat domains. This genetic pattern of heterozygous variants that cluster at a mutational hotspot within a functional domain is strongly suggestive that these are activating, gain-of-function mutations, as opposed to inactivating, loss-of-function events. Thus, KBTBD4 is likely to function as an oncogene, rather than a tumor suppressor gene, in PPTID and medulloblastoma.
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